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Abstract 
An integrated approach for the design of a custom-tailored hybrid solar MGT with an integrated solar receiver for the use in a 
small-scale solar dish unit is presented in order to overcome the inherent limitations of adapting a MGT in the desired power 
range to solar operation. The resulting MGT-dish equipped with the ‘optimal’ MGT shows a nominal conversion efficiency of 
29.6%. Then, a thermoeconomic analysis of the entire system is performed to evaluate and compare the economic and 
environmental performance of the MGT-dish with a Dish-Stirling system. From an economical point of view the MGT-dish 
outperforms the dish-Stirling with LCoEs as low as 15.3€cts/kWhel compared to 22.4€cts/kWhel. 
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1. Introduction 
The energy demand in developing countries shows a steady increase, with a significant proportion of new 
consumers located in rural areas which often lack access to a conventional electricity network. Due to the high costs 
of building new transmission and distribution lines, off-grid generation of electricity is an increasingly important 
option for rural electrification. In regions with high solar energy resources, solar power offers an attractive means to 
reduce dependence on imported fuel while meeting energy demands in a sustainable and environmentally friendly 
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manner. Currently two main technologies are available to supply off-grid electricity; photovoltaic panels and dish-
Stirling units. When compared to these technologies small-scale micro gas-turbine (MGT) based dish systems would 
seem to present a number of advantages chief amongst them simplified hybridization schemes. Hybrid operation, in 
which solar energy is complemented with a back-fuel (such as locally derived biogas), is an attractive feature of 
solar gas-turbine systems, facilitating control and ensuring availability of the power plant to meet demand whenever 
it occurs. 
A key issue for photovoltaic panels and dish-Stirling units is the variability in output resulting from fluctuations 
in the solar supply. State-of-the-art dish Stirling units with sun-to-electricity conversion efficiencies up to 29.4% can 
be integrated with thermal storage or co-firing with back-up fuel to compensate short term fluctuations of the solar 
resource [1] [2]. At the time of writing, Stirling engines designed for co-firing were not fully hybridized; they are 
able operate on back-up fuel below a certain level of solar radiation and purely on solar input above this limit but 
never on both energy sources at the same time [3]. For photovoltaic systems currently only battery backup is 
available. In both cases this results in high cost of electricity and a relatively low availability to meet the demand. 
Moreover, the maintenance of MGTs is significantly less costly than Stirling-engine units (at around 2%/yr of the 
initial equipment costs, as compared to 3-5%/yr for Stirling-engines [4][5]). The relatively high exhaust gas 
temperature of the gas turbine opens up the possibility of supplying additional services, such as heating, cooling and 
water purification, through the use of polygeneration technologies. 
While previous work on hybrid solar MGTs has focused heavily on the development of the solar components, less 
attention has been paid to the MGT itself, as well as to the integration of the different components. The standard 
approach is to select a MGT in the desired power range and adapt it for solar operation through the integration of the 
solar receiver, which is often developed by a third party. Contemporary hybrid solar MGT-dish system in the range 
of 30kWel are based around existing recuperated MGTs with fuel-to-electricity conversion efficiencies of up to 28% 
[6] and an external solar receiver. This loose arrangement of the MGT and the solar receiver increases thermal losses 
between the two components, increases shading losses and the increased weight complicates the installation in the 
focal point and thus leaves room for improvement. 
 With this in mind, the current work will address the design of a custom-tailored hybrid solar MGT with an 
integrated solar receiver for the use in a small-scale solar dish unit. The design of the solar MGT presents significant 
challenges as small-scale MGTs with relatively small pressure ratios are sensitive to pressure drops within the 
different components. 
In a second step, once a relevant design for the hybrid solar MGT has been determined a thermoeconomic 
analysis of the entire system is performed in order to evaluate and compare its economic and environmental 
performance with a Dish-Stirling system. 
 
Nomenclature 
MGT Micro Gas-Turbine  
2. Micro turbine and receiver integration 
To overcome the inherent limitations of a separated solar receiver and MGT an integrated MGT-receiver unit is 
presented (as shown in Fig. 1a) which serves as the basis for the design and analysis. The unit is designed around a 
single stage axial turbine to generate 25 kWel at nominal condition (ambient temperature 15°C and solar irradiance 
800 W/m² which corresponds to a nominal solar input to the power conversion cycle of 52.7 kWth) and the 
temperature-entropy (T-s) diagram of the recuperated cycle in hybrid operation is presented in in Fig. 1b. 
Ambient air that enters the MGT-receiver unit at the right cools the high-speed generator (G), is compressed in a 
conventional radial compressor and is then pre-heated in the recuperator to recover the waste heat at the turbine 
exhaust. Before entering the cavity receiver the relatively cold air is used for wall cooling of the combustion 
chamber. Concentrated solar radiation (CSR) delivered by the solar dish is transferred to the working fluid within 
the impingement cooled cavity receiver. Preliminary analyses by the authors [7] of this solar receiver type show 
highly efficient energy conversion (>80%) in a reliable and robust way. The air leaving the solar receiver is then 
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heated up to the design turbine inlet temperature (TIT) of 950 °C within the integrated combustion chamber before 
expanding in the axial turbine. This limit of the TIT was chosen in order to maintain uncooled blades [6]. 
The compact integration of the solar receiver, the combustion chamber and the turbine allows high turbine inlet 
temperatures and thereby high solar shares as well as low pressure losses. Very few parts increase the reliability and 
simplify maintenance. Moreover, the small external dimensions and low weight facilitate easier installation in the 
focal spot of the solar dish as the shadowing effect is decreased and gravitational and wind loads are reduced. 
 
Fig. 1: (a) integrated MGT-receiver unit [9], (b) T–s diagram (pressure losses have been exaggerated for emphasis). 
3. Analysis process 
As mentioned in §1, the analysis process is divided into two parts. First, a custom-tailored hybrid solar MGT with 
an integrated solar receiver for the use in a small-scale solar dish unit will be designed. Once a relevant design for 
the hybrid solar MGT has been determined a thermoeconomic analysis of the entire system is performed in order to 
evaluate and compare its economic and environmental performance with a Dish-Stirling system. 
3.1. Micro gas-turbine design process 
For the design of the MGT-receiver unit an integrated design approach coupling a MATLAB based 
thermodynamic model with the one-dimensional turbine design tool Axtur has been developed as shown in Fig. 1.  
In a first step, the thermodynamic model is used to evaluate the entire power conversion cycle and identify the 
boundary conditions for the following MGT design. In a second step, the results obtained from the initial analysis 
are used as input data for Axtur to design a functioning MGT according to the identified boundary conditions. As a 
result of the MGT design a series of performance indicators are obtained, which can be used to analyze the 
established design with respect to specific MGT design requirements. 
As the main design criteria have been selected the net power output Pel of 25 kWel, the TIT of 950°C, the pressure 
ratio , and the polytropic efficiency of the turbine pol.  
3.2. Micro gas-turbine design parameters 
The design parameters used for the thermodynamic design step are based on standard values taken from different 
sources. Previous work of the authors [8] has shown that the performance of MGT based power conversion cycles 
are strongly influenced by the pressure drop within the recuperator and solar receiver due to their relatively low 
pressure ratios. Thus, the selection of representative pressure drop values for all components is essential for an 
accurate analysis. Constant relative pressure drop values based on Strand [9] and Bhargava [11] have been 
considered for all components but the solar receiver which needs a separate treatment. 
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Recent studies of the authors suggest that the pressure drop within the solar receiver is dependent on the amount 
of heat absorbed and the receiver air outlet temperature. Increased heat input leads to an increased air outlet 
temperature which in turn in causes higher flow velocities due to the increased specific volume. For this work the 
relative pressure drop within the solar receiver has been assumed to be linearly dependent on to the power absorbed 
by the fluid; with a value of 2.5% for zero solar input and 5 % for a solar input of 80kWth (corresponding to the 
maximal power input for a solar irradiance of 1200 W/m²). For the recuperator a constant effectiveness ε of 83% has 
been chosen which is a conservative value compared to an effectiveness of 86% mentioned for the recuperator of the 
Capstone C30, a micro gas-turbine with comparable characteristics to the turbine used in this work [10]. 
 
Fig. 2: Flow sheet of the integrated micro gas-turbine design. 
3.3. Micro gas-turbine design requirements 
As main design requirements have been identified the maximum tip speed vtip, the maximum engine speed n, the 
composition of the different fluid flow velocities represented by the velocity triangles v-, the minimum sizes of the 
turbine blades to guarantee machinability denoted by gblade, the isentropic efficiency of the turbine is, and finally the 
conversion efficiency of the entire power conversion cycle con. Logically, the design performance indicators that 
need to be calculated are the same parameters as the identified design requirements. 
The tip speed has been limited to 400 m/s in order to keep mechanical stresses due to centrifugal forces below 
permissible limits. The maximum engine speed has been set to the 100 000 rpm corresponding to the typical 
operating speed of a high speed generator to avoid the need for a gear box. In order to assure producible blades with 
reasonable secondary losses a blade height of about 1.5 cm has been considered as the minimum size. 
Limitations of the turbine flow angles are mainly caused by the goal of keeping losses and aerodynamic forces 
onto the blades small. Literature [12] suggests keeping the flow angles α1 and β2 above 14°-15°. This limit accounts 
for the technical difficulties of shaping turbine blades with such small exit angles and the losses at the exit of the 
stator or rotor due to the smaller exit area compared with the surface occupied by the thickness of the blade and by 
the boundary layer. On the other hand, the flow turning angles Δα and Δβ should be kept below 110°-120°. 
Exceeding this limit increases the downforce on the blade and poses the risk of flow detachment with negative 
effects on the efficiency of the stage. Here, α and β denote absolute and relative flow angles, respectively, whereas 
the indices 1 and to refer to the inlet and outlet section of the turbine stage, respectively. Moreover, with the goal of 
designing the most efficient turbine the isentropic and conversion efficiency should be as high as possible. 
4. Micro gas-turbine design 
For the integrated design of the MGT-receiver three models have been used; a thermodynamic model of the 
power conversion cycle, the one-dimensional design tool Axtur and an off-design model. 
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4.1. Thermodynamic modeling 
In order to determine the boundary conditions for the MGT design a MATLAB based steady state 
thermodynamic model of the integrated MGT-receiver unit has been developed. The models of the individual 
components are based on standard heat and mass balance equations and as such, are not presented in detail. 
However, special focus was placed on identifying the pressure losses within these components as small-scale MGT 
based power conversion cycles are sensitive to pressure losses.  
All the steady-state models have been elaborated using MATLAB-based routines coupled with a 4th order 
polynomial approximations of the thermodynamic properties of the working fluids; dry air in the power conversion 
steps before the combustor [13] and exhaust gases after the combustor with a varying composition of carbon dioxide 
(CO2), H2O, Ar, O2 and N2 depending on the operating condition. Ambient conditions for the nominal design are 
taken from the ISO-standard [14] as 15°C and 1.013bar. 
4.2. One-dimensional micro gas-turbine design in Axtur 
With the boundary conditions derived the detailed MGT design in Axtur, a software developed at Politecnico di 
Milano [15] [16], can be performed. The software is based on a one-dimensional analysis of turbomachinery 
equipment coupled with a multi-variable optimizer which returns the best turbine design with the highest total 
efficiency. The main loss mechanisms taken into account within the software are profile losses, secondary flow 
losses and tip leakage losses [15] [16]. It allows a preliminary design of the geometry of the turbine blades, the 
velocities triangles and the losses that occur in a single stage axial turbine with the selected boundary conditions and 
for different engine speeds. Experimental validation of the MGT-designs will be performed in future work. 
Concerning the optimization for the design conditions, the iterative process ends when both Axtur and the Matlab 
model gives as output the same isentropic efficiency. This process allows fixing the engine speed for the design 
conditions as well as the geometry of the blade. 
4.3. Off-design 
For the annual evaluation of the MGT based solar dish it is necessary to define the off-design performance of the 
MGT. Therefore, the compressor and turbine map need to be determined which allow evaluating the pressure ratio 
and component efficiency as a function of the ‘non-dimensional’ mass flow and the rated engine speed. For this 
work compressor and turbine maps developed by Chiesa [17] have been used and were scaled to fit the compressor 
and turbine at design point conditions, respectively. 
 
Fig. 3: (a) compressor map, (b) turbine map. 
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The pressure ratio maps are shown in Fig. 3 where dashed lines denote the surge and stall line which limit the 
practical operating conditions. The solid lines indicate different rated engine speeds nR defined as the actual engine 
speed n divided by the square root of the fluid temperature entering the compressor and turbine, respectively, and 
the dash-dotted line represents the highest efficiency of the compressor. For both components the isentropic 
efficiency approaches its maximum value at the design point (indicated by the triangle) as the machine operates at 
its nominal speed, mass flow rate and pressure ratio. 
For the off-design analysis a constant TIT has been chosen so that the output of the solar dish unit becomes 
predictable and controllable. Moreover, as the used MGT is single-shaft the speed of the compressor and the turbine 
are the same for all operating conditions. 
At the different operating points the ‘non-dimensional’ mass flow is the variable that allows matching the 
compressor and turbine maps. It is defined in Equation (1) and Equation (2) for the compressor and turbine, 













TITmmm  +=,    (2) 
In an iterative process (shown in Fig. 4), for a certain ambient temperature Tamb and solar irradiation Isol, the off-
design behavior can be calculated. The compressor map returns for an initial air mass flow and engine speed the off-
design pressure ratio c and the isentropic efficiency ηc. This output allows calculating the thermodynamic 
conditions of the power conversion cycle especially the expansion ratio exp of the turbine. In combination with the 
engine speed n, the fixed TIT and other thermodynamic properties the turbine maps return the ‘non-dimensional’ 
mass flow and the isentropic efficiency of the turbine ηT. In the next step, the ‘non-dimensional’ mass flow 
obtained by the turbine map is compared to the one calculated by Equation (2). The iteration process stops when 
both values coincide and the model returns as main outputs the engine speed, the air and mass flow, as well as the 
thermodynamic properties of the entire power conversion cycle. 
 
Fig. 4: Flow sheet of iterative off-design process. 
4.4. Micro gas-turbine design results 
As a results of the integrated micro gas-turbine design Fig. 5 shows the conversion efficiency of the MGT-dish 
unit as function of the pressure ratio for a range of polytropic efficiencies of the turbine (80%, 76%, 72%, and 68%). 
The conversion efficiency is calculates as the ratio of the net shaft power output Pshaft to the sum of the solar power 
input to the power conversion cycle   and power provided by the fuel burnt  . The lines in Fig. 5 indicate the 
conversion efficiency calculated with the MATLAB based thermodynamic model with the isentropic turbine 
efficiency calculated from the polytropic efficiency according to literature [17]. The crosses represent MGT designs 
that have been analyzed with the one-dimensional design tool Axtur and are theoretically possible. Blue and green 
crosses denote designs that fulfill the specified design requirements whereas the red cross denotes a design that is 
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theoretically possible but violates at least one of the design requirements. With the best performing design for each 
pressure ratio (green crosses) a linear fit was generated (green line) that represents an upper limit of feasible designs. 
During the detailed design process using Axtur more designs than shown in Fig. 5 were analyzed. However, only 
the ones that resulted in MGT designs that are theoretically feasible are presented. It was found that no feasible 
MGT-unit could be designed with a polytropic turbine efficiency greater than 80%. Starting from a viable design 
with the highest polytropic turbine efficiency of 80% and a pressure ratio of 3:1 mainly design points that can yield 
similar or higher conversion efficiencies were analyzed. Even though promising designs were identified no single 
stage MGT-unit could be designed that fulfilled the design requirements while giving higher conversion efficiencies 
than the initial design. The main features of the ‘optimal’ design are summarized in Table 1. 
 
Fig. 5: Conversion efficiency of the MGT-dish unit. 
Table 1: Main features in nominal design point  
Feature Value Unit 
Pressure ratio π 3 [ - ] 
Engine speed n  95500 [rpm] 
Total nominal conversion efficiency ηcon 29.6 [% ] 
Isentropic compressor efficiency ηis,c 81.94 [%] 
Isentropic turbine efficiency ηis,t  83.77 [%] 
Air mass flow   0.2335 [kg/s] 
Fuel mass flow   6.562e-4 [kg/s] 
UA-value heat exchanger 1.132 [kW/K] 
 
The ‘optimal’ design obtained is characterized by compact dimensions with a mean blade diameter of 8 cm and 
with a stator blade height of approximately 1.5 cm. Fig. 6 shows the velocity triangles for the meridian plane of the 
turbine and the main velocity features obtained by Axtur are summarized in Table 2. 
 
Fig. 6: Dimensionless velocity triangles. 
Table 2: Main velocity features  
Feature Value Unit 
α1 12.80 [°] 
β1 29.65 [°] 
α2 101.12 [°] 
β2   15.23 [°] 
u 400 [m/s] 
 
When comparing the main velocity features with the design requirements identified in the previous section it can 
be seen that the maximum tip speed matches exactly the design requirement of 400 m/s. The flow angles α1, β2 and 
∆α satisfy with small errors the design requirements. However, the flow turning angle ∆β is slightly above the lower 
limit of 120° which leads to a marginally overloaded rotor blade. 
5. Thermoeconomic analysis 
With the integrated MGT-receiver unit designed its performance is evaluated and compared to a solar dish with 
an integrated hybrid solar MGT-receiver. The model of the Dish-Stirling is based on the two SES systems [2] with a 
peak total conversion efficiency of 28.8 %. To ensure an objective evaluation it is essential to compare the hybrid 
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MGT-dish with a hybrid Dish-Stirling unit. Therefore, it is assumed that the SES system is integrated with a hybrid 
solar receiver. The integrated burner behind the solar heated tube banks [2] [22] allows the Stirling engine to work 
in absence of the sunlight below an irradiance level of 200 W/m² and purely on solar input above this limit but never 
on both energy sources at the same time. For the analysis two locations with different direct normal irradiance (DNI) 
levels have been chosen; Catania in Sicily with a DNI of 1000 kWh m−2yr−1 and Sevilla in Spain with a DNI of 2000 
kWh m−2yr−1. 
5.1. Thermoeconomic model 
The model developed offers the possibility to evaluate both the economic and environmental aspects of the 
different systems on an annual basis. In order to account for the high variability of the solar resource, an annual 
simulation on an hourly basis is essential to obtain a representative evaluation. The thermoeconomic model is briefly 
described in this section and a more detail in previous work of the authors [8]. 
The first segment of the model calculates the nominal design of the solar dish systems and the size of the all 
components based on the desired net power output and the given set of design variables. The equipment sizes and 
nominal point data are then sent to the off-design calculation which determines the performance of the power plant 
for different values of the ambient temperature and solar irradiation, in order to build off-design performance 
matrixes. This calculation is based on the off-design model described in the previous section. The off-design 
matrixes enable the performance of the dish-systems to be determined for any given combination of temperature and 
irradiation values. The off-design performance matrixes are subsequently used in combination with a given set of 
meteorological data to run a transient simulation of the power plant over an entire year. The nominal power plant 
design is also used to calculate the capital cost of the dish system equipment. These cost figures can then be 
combined with the annual performance data (mainly the annual fuel consumption) and additional economic data to 
calculate the total investment and operating costs. At the end of the thermoeconomic analysis, a series of relevant 
performance indicators, such as investment costs, electricity costs, and specific CO2 emissions can be calculated. 
5.2. Cost figures 
Size data from the nominal design can be used to calculate the capital cost of the power plant equipment. The 
total investment cost Cinv can be calculate as the sum of all the equipment costs Ceqp, the cost of equipment 
installation Cinst, as well as civil engineering Ccivil and contingencies Ccont. 
Equipment costs of the MGT-dish are composed of the costs of the gas turbine components, with values for the 
compressor-turbine unit, combustor, recuperator, power electronics, and packaging taken from Malmquist [19] and 
Lozza [13], as well as the cost of the solar dish concentrator and the receiver with values taken from Svensson [20] 
and Schwarzbözl [22], respectively. Costs figures of the dish-Stirling system have been taken from literature [22] 
with costs of the solar dish concentrator taken from Svensson [20]. Costs for civil engineering are based on Pelster 
[23] and contingency costs were estimated according to IEA recommendations [24]. 
5.3. Thermoeconomic performance indicators 
In order to evaluate the different designs, the cost and performance figures can be combined to calculate 
thermoeconomic performance indicators. For this work two main performance indicators have been chosen, namely 
the levelized cost of electricity LCoE (in €cts/kWhel) and the specific CO2 emissions fCO2 (in gCO2/kWhel) calculated 
on an annual basis. Previous work of the authors presents a complete description of the performance indicators [8]. 
The LCoE represents an economic assessment of the cost of the electricity generation of the system, accounting 
for the total costs over its lifetime. It is calculated based on the total investment cost of the system Cinv, the 
decommissioning cost Cdec, the annual fuel cost Cfuel, the annual maintenance cost CO&M and net annual electricity 
production Enet for a lifetime of 10 years. Maintenance costs for the gas-turbine and Stirling components are 
calculated based on NREL figures [25]. A detailed description of the cost analysis can be found in previous work of 
Ragnolo [26]. The specific CO2 emissions are an important environmental performance indicator and are calculated 
based on the mass of fuel burnt annually Mf and its carbon content cC. 
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Moreover, the total conversion efficiency and the solar share are used to compare the performance of different 
designs. The total conversion efficiency ηcon,tot measures the performance of the entire system over a whole year and 
can be calculated as the ratio of the net shaft energy output Eshaft to the sum of the annual solar energy input to the 
dish Qsun and energy provided by the fuel burnt Qfuel. The solar share fsol gives a measurement of the degree of solar 
energy used in a hybrid solar power plant. Its value represents the share of the electricity that has actually been 
generated from the solar energy and can be calculated as the ratio of the annual solar energy input to the power cycle 
Qsol to the total heat input Qtot. 
5.4. Thermoeconomic analysis results 
The economic and environmental performance of the MGT-dish and the dish-Stirling are presented in Fig. 7a in 
terms of the solar share fsol, the specific annual CO2 emission fCO2 and the total conversion efficiency con,tot. 
In general, the solar MGT-dish system is characterized by a more stable electricity production regardless of the 
DNI as it features full hybridization as compared to the dish-Stirling with only partial hybridization. The MGT-dish 
produces 112.1 MWhel and 110.1 MWhel whereas the dish-Stirling produces 67 MWhel and 54.4 MWhel for Catania 
and Sevilla, respectively. In the low DNI location the irradiation drops below the 200W/m² limit more often which 
results in a higher annual electricity production of the dish-Stirling as more fuel is burnt. The variation of the annual 
electricity output of the MGT-dish is a result of slightly higher ambient temperatures in the high DNI location 
reducing the annual total conversion efficiency from 26.67% to 25%. 
On the other hand the dish-Stirling reaches higher solar shares (up to 77.98%) which results in lower specific 
annual CO2 emissions than the MGT-dish due to the partial hybridization; however with a highly fluctuation 
electricity output. Similar to the MGT-dish the annual total conversion efficiency of the dish-Stirling decreases from 
28.39% to 24.9% mainly due to increases of the ambient temperature for the high DNI location. 
 
Fig. 7: (a) performance indicators, (b) LCoE for different annual irradiance and fuel cost. 
Fig. 7b shows the LCoE for both systems for the two different DNI scenarios investigated and a linear 
approximation for irradiance levels in-between as well as a sensitivity analysis to fuel prices cfuel. The lower cost 
figure represents current prices whereas the higher cost represents an estimation of future fuel prices. It can be seen 
that on a cost basis the MGT-dish outperforms the dish-Stirling for all DNI and all fuel costs with a minimum LCoE 
of 15.3 €cts/kWhel compared to 22.4€cts/kWhel. 
For the dish-Stirling it can be seen that a decrease of the DNI does not increase the LCoE as the increased annual 
electricity output offsets the increased fuel consumption. For the high fuel price scenario this is no longer the case. 
Due to full hybridization the LCoE of the MGT-dish increase for both fuel price scenarios. 
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6. Conclusion 
A custom-tailored hybrid solar MGT with an integrated solar receiver for the use in a small-scale solar dish unit 
has been designed using an integrated design approach which couples a MATLAB based thermodynamic model 
with the one-dimensional turbine design tool Axtur. The resulting MGT-dish plant shows a total nominal conversion 
efficiency of 29.6% with the ‘optimal’ MGT operating at a pressure ratio of 3:1 and a polytropic efficiency of 80%. 
It was shown that the MGT is able to satisfy all design requirements with the exception of the flow turning angle 
∆β in the turbine rotor which is slightly above the lower limit leading to a marginally overloaded blade. 
In a second step, a thermoeconomic analysis of the entire system was performed to evaluate and compare the 
economic and environmental performance of the MGT-dish with a Dish-Stirling system. It was found that the 
electricity generation of the MGT-dish is more stable which makes the operation more predictable and controllable. 
Moreover, it was shown that from an economical point of view the MGT-dish outperforms the dish-Stirling with 
LCoEs as low as 15.3€cts/kWhel compared to 22.4€cts/kWhel. Due to the partial hybridization the dish-Stirling is 
able to produce electricity at lower specific CO2 emissions with the downside of highly fluctuating electricity output. 
With reductions in emissions and fuel consumption decreasing the dependence on imported fuel small-scale solar 
hybrid MGT based dish system would appear to be a promising option to meet future off-grid demands in a clean, 
sustainable and cost-effective manner. 
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